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We have developed a tomographic diffractive microscope, equipped with a fluorescence confocal scanner. We
measure experimentally the lateral resolution using an edge method and by comparing tomographic images
of the same samples with wide-field and laser scanning confocal microscopy images; a scanning electron mi-
croscope image serves as a reference. The experimental resolution is shown to be to about 130 nm, or
N/ (8.5 NA). This instrument also permits one to measure 3D, complex index of refraction distributions, a
quantity that is not accessible to conventional microscopes, and we show how this feature may be used to
observe KCI crystals, absorption of which is very weak. © 2008 Optical Society of America

OCIS codes: 180.6900, 090.1995, 110.6960.

Optical tomographic diffractive microscopy (TDM)
[1-6] is a wavefront-reconstruction-based method [7]
that allows for 3D observations of transparent ob-
jects. In digital holography, the object is recon-
structed numerically. One hologram represents an
object projection for one illumination angle, but, in
the spatial frequency’s Fourier space it has very lim-
ited support, which leads to a poor resolution. To in-
crease the bandpass an angular scanning is per-
formed by using various successive illumination
directions, allowing for the recording of higher fre-
quencies (synthetic aperture process in Fourier
space). The hypotheses underlying the numerical re-
construction determine the accuracy of the recon-
struction [8,9]. When using a filtered backprojection
[10,11], which does not take into account diffraction,
the resolution is about the wavelength, and such an
approach is limited to slowly varying index of refrac-
tion objects [3]. Conversely, a nonlinear reconstruc-
tion scheme should permit a nowadays unreached
resolution in far-field (nonfluorescent) optical micros-
copy [12].

We have chosen an intermediate approach, based
on the first Born approximation for weakly scattering
objects [1]. The synthetic aperture process can be ex-
plained by expressing the solution of the Helmoltz
equation in the spatial frequency’s Fourier space (see
[6,13] for more detailed explanations), which leads to

A(kyg) > 11 5kq - k), (1)

where A is the complex amplitude of the diffracted
scalar field in the Fourier space, 715 is the Fourier
transform of the difference between the object refrac-
tive index n(r) and the average index n, kq is a dif-
fracted wave vector, and Kk; is the illumination wave
vector (kgq=k;=27/N). The associated spatial fre-
quencies of the scattered wave are thus located on
the 2D surface of the so-called Ewald sphere and in-
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terpreted as a Fourier transform of the sample rela-
tive index. The absolute value of the refractive index
can be measured, provided that a calibration is done.
The complete angular scanning results in the
“butterfly”-shaped support.

Our tomographic microscope [13,14] is inspired
from the Lauer implementation [6], including a modi-
fied Mach—Zehnder setup for phase-shifting hologra-
phy and a motorized tilting mirror to perform tomog-
raphy. The speed is mainly limited by the slow step-
by-step motors, sensitive to vibrations (a 3D image
composed of 1000 holograms is obtained in 30 min).
Figure 1 describes the setup and recalls (in a 2D case
for the sake of simplicity) the recordable, butterfly-
shaped frequency support [15] when the NA of the to-
mographic illumination is the same as the NA of the
detection objective. The mirror angular scanning
range is 4°, which translates into a tomographic
scanning angle of 67°, thanks to the condenser. Note
that holographic microscopy can be considered as a
peculiar, simplified case of tomography with only one
illumination angle.

In the case of a symmetric support, the Nyquist
resolution is given by the inverse of the width of the
frequency support [6]. For holographic microscopy
(black curve), the lateral resolution is \/(2 NA). The
tomographic frequency support (in gray) being twice
as large as the holographic frequency support the lat-
eral resolution is doubled to N\/(4 NA) [2,6,13,14]. At
a wavelength of 633 nm and a NA=1.4 condenser and
objective, the expected resolution is 113 nm. The
most striking difference is, however, the longitudinal
imaging capabilities of TDM, which permits a true
3D imaging of transparent specimens, contrary to ho-
lographic microscopy [13,14]. This is easily explained
by noting that the tomographic frequency support is
filled, while the holographic frequency support is less
extended and has a negligeable thickness. Integral
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Fig. 1. Top: scheme of our tomographic diffractive micro-
scope (BS, beam splitter; OF, optical fiber; RC, recombina-
tion cube). Scanning confocal microscopy has not been rep-
resentated. Bottom, frequency support for tomographic
diffractive microscopy (in gray) and holographic microscopy
(black curve).

index of refraction measurements are, however, pos-
sible with holography [16].

To measure the experimental resolution of our
setup, we have imaged a lacey autosupported carbon
membrane. This kind of object is often used in elec-
tron microscopy and is composed of numerous carbon
filaments, with sizes varying from some tens to thou-
sands of nanometers. Such an object, with a thick-
ness in the tens of nanometers range, is a nearly 2D
one. It was first observed by scanning electron mi-
croscopy (SEM) to obtain a reference image and then
mounted between a coverslip and glass slide for opti-
cal observations. The same condenser has been used
for wide-field microscopy (WFM) and TDM, and the
same objective was used for wide-field, tomographic,
and laser scanning confocal microscopy (LSCM). In-
deed, such an object also produces autofluorescence,
which permits its confocal observation. Figure 2 dis-
plays the obtained images. The SEM image shows
well-resolved and contrasted filaments. In the case of
the WFM image, details are observable but the con-
trast is low, because of the very thin, weakly scatter-
ing specimen that is used. The LSCM (as well as the
WFM) image is an average of ten images, to reduce
the noise and improve the contrast, as the autofluo-
rescence signal at the considered wavelengths is low
(using an Olympus FV300 confocal head, N\,
=543 nm, detection above 560 nm). The object is seen
with much better details. The TDM image exhibits
even sharper structures. But artifacts are visible: re-
bounds near the edges, typical from the use of the
first Born approximation [17], are sometimes visible
and noise is quite high, even in the low-level zones.
As with WFM, TDM is based on wave scattering and
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Fig. 2. Electron (SEM), wide-field (WFM), tomographic
(TDM), and confocal fluorescence (LSCM) images of a lacey
carbon membrane. Bottom, magnified view of the square
region depicted on the SEM image.

detects a signal (the illumination) even when no
specimen is present. Note, however, that while in
WFM this nonscattered part can be suppressed using
techniques such as oblique illumination, it is manda-
tory to record it to perform the tomographic recon-
struction [13,18]. Furthermore, being a coherent im-
aging technique, it is sensitive to defects creating
speckle. As a consequence, noise appears to be dis-
tributed all over the image, contrary to scanning
techniques such as LSCM or SEM, for which noise is
mostly concentrated in the higher intensity zones.

For such kinds of objects, mostly composed of fila-
ments, the spatial resolution can be well described by
the FWHM of the line spread function (LSF). A pre-
cise determination of this LSF is, however, limited by
the noise and the limited sampling of the image. A
more precise estimation can be obtained from the
edge response function. This method was used by
Choi et al. [11] to estimate the near 500 nm reso-
lution of their fast tomographic setup [11]. We ap-
plied it as described by Bentzen [19] to 25 profiles us-
ing a Levenberg—Marquardt algorithm [20] for the
fit.

Figure 3 presents the results for confocal and to-
mographic modes. Note the different noise distribu-
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Fig. 3. Cumulative experimental edge profile data points
and estimate edges profiles in LSCM (crosses and dashed
curve) and TDM (circles and solid curve).



tions, as explained previously. From the fitted pro-
files the method gives a lateral resolution of 129 nm
for tomographic microscopy, slightly worse than the
theoretical 113 nm, but still much better than the
199 nm resolution for LSCM, which, furthermore, is
obtained at a shorter wavelength. Taking into ac-
count the illuminating wavelength the experimental
resolution is A\/(3.5 NA), indicating that using a
shorter wavelength for illumination may open the
way to sub-100 nm imaging in far-field (nonfluores-
cent) transmission microscopy.

Tomographic diffractive microscopy also has inter-
esting 3D imaging capabilities compared to holo-
graphic microscopy, as illustrated by Fig. 4, which
shows (x—z) views of the same pollen grain imaged
with holographic, tomographic, and confocal micros-
copy. Note that holography, strictly speaking, is not a
3D imaging technique for transparent samples, as
there is no discrimination along the z axis, because of
the very limited set of captured frequencies (Fig. 1).
But, while having much better 3D imaging capabili-
ties, our setup is a transmission microscope charac-
terized by a so-called missing cone (Fig. 1), and it
therefore still lacks the better sectioning properties
of confocal microscopy (see Fig. 4 top center and top
right). So one shall retain that tomographic imaging
with illumination variation is characterized by an an-
isotropic resolution, in contrast to diffractive tomog-
raphy with sample rotation, which could in principle
deliver an isotropic enhanced resolution [9].

The reconstructed image represents in fact the
complex index of refraction distribution within the
observed specimen [1]: one measures both the index
of refraction and the absorption. An interesting fea-
ture of our setup is its high sensitivity to refractive
index changes. We have imaged KCIl crystals, grown
on a coverglass, and embedded within the same im-
mersion oil as the objective. The index of refraction of
KCl crystals has been interpolated to ngg=1.489 at
633 nm from the data of [21] with negligible absorp-
tion, while the immersion oil index of refraction is
given by the manufacturer (Olympus) as n,;=1.516.
Figure 4 (bottom) shows the obtained index and ab-
sorption images. These images are presented with

Fig. 4. Top: longitudinal (x—z) views of a pollen grain.
Left: holographic; center: tomographic; and right: confocal
microscopies. Bottom: KCI crystals. Left: index images.
Right: absorption images.
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eight bit gray levels, the mean value (128) represent-
ing the index of oil in the left image and the absorp-
tion of oil (set to zero) in the right images. Gray level
differences represent a departure from these average
values. These images are semiquantitative in the
sense that linear differences translate into linear in-
dex variations [see Eq. (1)]. Despite a small index dif-
ference of 0.027, the first is well contrasted, even for
the smallest crystals with sizes smaller than 2 um,
while the latter does not show these very thin, trans-
parent crystals, as expected (the crystal thickness
has been measured below 3 um on the 3D index im-
age).

In summary, we have developed a tomographic dif-
fractive microscope capable of imaging transparent
specimens. While an absolute index of refraction cali-
bration remains to be done, this instrument delivers
3D, high resolution images of unprepared specimens,
which should attract the interest of biologists willing
to avoid fluorescence or contrast labeling techniques.

The authors thank V. Lauer for valuable discus-
sions about tomographic microscopy.
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